Regenerative braking is very important for increasing the total range of an electric vehicle. In this study, an embedded controller, including regenerative braking, is designed and implemented for an electric vehicle. Experimental studies are carried out on an electric vehicle driven by two in-wheel electric motors. In-wheel electric motors are preferred in light electric vehicles, since they are both highly efficient and supports regenerative braking. In our embedded controller application, the in-wheel electric motor is operated in both the motor mode and the regenerative braking mode. The in-wheel electric motor control embedded software is developed in the Matlab/Simulink environment. The developed software is embedded in the DSP STM32F407 microcontroller, which has ARM Cortex-M4 core. The inwheel electric motor is controlled by a fuzzy logic controller in the motor mode, the in-wheel electric motor -in the regenerative braking mode. Different PWM (Pulse Width Modulation) ratios are applied to the wheel electric motor in the regenerative braking mode. The experimental data are recorded in real-time by transferring to a PC on the electric vehicle. The performance of the study is proven with experimental tests.
I. INTRODUCTION
In a battery-powered electric vehicle, the kinetic energy of the vehicle is converted to chemical energy by regenerative braking. The energy stored in the battery can, then, be reused. Regenerative braking is important to ensure more energy efficiency. There are several studies in the literature related to this subject. The cooperation of regenerative braking and ABS (Anti-lock Braking System) has been discussed in [1] , [2] . Regenerative brake control and management strategies have been developed by considering the temperature of the batteries, motor and motor driver, charging current, battery voltage, deceleration, and brake pedal pressure [3] - [8] . For friction braking and optimum energy recovery, regenerative braking is working together in [9] - [13] . Regenerative braking control with electronic stability control and lateral stability control is applied in [14] , [15] . Regenerative braking is controlled by the fuzzy logic controller in [16] - [18] . In an electric vehicle (EV), a controller is designed to increase the energy consumption efficiency by maintaining the balance in steering maneuvers in [20] . Downhill safety assistance is provided to assist the driver of the vehicle in [21] . The PID controller is used to control the task of PWM (Pulse Width Modulation) to maintain the IWEM (In-Wheel Electric Motor) speed during the regenerative braking in [22] . IWEM speed control is controlled by a fuzzy logic controller in [23] - [26] . The subject of this study is different from the literature: Matlab / Simulink based embedded system, fuzzy logic controlled IWEM, the effect of regenerative braking tests on energy recovery, and EV speed at different PWM ratios applied to IWEM.
In this study, an embedded system with regenerative braking for IWEM was designed and implemented. Firstly, the motor drive circuit design with the regenerative braking was implemented. Then, the embedded control system was designed and applied. The embedded system can control the IWEM in both the motor mode and regenerative mode. IWEM motor mode tests were performed at 200 rpm, 300 rpm, and 400 rpm reference speed on EV. Tests of the 50 %, 60 %, 70 %, and 75 % PWM switching ratio of the motor driver were performed in the regenerative braking mode. In the conclusion section, speed control performance with fuzzy logic controller in the embedded system of IWEM was discussed. In the tests performed with various PWM ratios in regenerative braking tests, the amount of change in the speed of the EV, the amount of energy transferred to the battery, and the battery voltage changing rates were compared.
II. MATHEMATICAL EQUATIONS OF AN IN-WHEEL ELECTRIC MOTOR
Some assumptions are made when creating a mathematical model based on IWEM phase variables. Stator windings are connected to stars. Each winding resistance, self-inductance, and common inductance values are considered constant and equal. The voltages in the windings are in the form of trapezoidal waveforms. The switches on the inverter are considered ideal, and the losses of iron and hysteresis are neglected [19] . Because of these assumptions, the mathematical model of the three-phase IWEM is as in (1):
The inductances given in (1) 
,
Equation (5) is written by arranging the mathematical model using (2) 
The power PO generated in the motor shaft is equal to the sum of the PA, PB, and PC powers from the phases 
where ωm represents the angular velocity of the rotor mechanically. In order to find the electrical angular velocity, the number of poles of the motor must be known. Thus, the electrical angular velocity ωe, can be found with (9) . where TL is the load torque, J is the moment of inertia and B is the coefficient of friction.
III. OPERATING MODES OF IN-WHEEL ELECTRIC MOTOR
IWEMs can be used in both motor mode and regenerative braking mode. In IWEM motor mode, it converts electrical energy into mechanical energy. Meanwhile, in mechanical regeneration mode, it converts mechanical energy into electrical energy.
A. Motor Mode
IWEM is available in various configuration. In this application, a 3-phase motor is used. In the sensor control method, the position of the rotor is determined by 3 Hall effect sensors, which are positioned on the stator. According to the internal structure of IWEM, there are 60 or 120 differences between the sensors. Correct phases are switched according to Hall effect sensors. IWEM control is provided by a 6-step algorithm. In each step, two correct phases are selected, and these phases are switched (Table I) . 
Although the brushless DC motors may seem to be powered by a DC supply, the signals are actually AA signals. Therefore, an inverter is used in the brushless DC motor supply. According to the PWM ratio, the level of the voltage to the phases is determined. The phase switches in the motor drive circuit are triggered in sequence, so an AC signal with a phase difference of 120 degrees between the motor phases is obtained.
B. Regenerative Braking Mode
Regenerative braking provides more efficient use of the battery by charging the kinetic energy in the vehicle. Regenerative braking can be carried out if the vehicle is moving without gas or is on braking. No voltage is applied to the electric motor during the regenerative braking, but the electric motor charges the battery. In the regenerative braking mode, the switching method is used, in which a single switch is triggered. The PWR signal is applied to the B_L switch in Fig. 1 . When the B_L switch is on, the motor current is as in Fig. 1 . If all switches are switched off, the current path induced in the motor is as in Fig. 2 . The marked current in Fig. 2 charges the battery.
In regenerative braking, the trigger signal of the power switch is determined according to the Hall effect sensors. The switching sequence of the power switches in the regenerative braking is given in Table II . 
IV. MATERIALS AND METHOD
The tests of the embedded controller were performed on an EV, which is designed for experimental studies. A picture of this EV is given in Fig. 3 . The block diagram of the Electronic Control System (ECS) for the EV is given in Fig. 4 The EV is driven from the rear by two IWEM. The parameters of IWEMs used in the EV are given in Table III . The STM32F407 Discovery card was used to control the EV. While IWEM is running in motor mode, the speed control is performed with a fuzzy logic controller. The fuzzy logic controller has two inputs. The first one is speed error, the second -change of the error. The PWM value is calculated for the IWEM driver at the output to the fuzzy logic controller. In this fuzzy logic controller, seven membership functions are used for input and output variables. The membership functions used for input and output variables are given in Fig. 5 . The Mamdani's fuzzy inference method is used for the fuzzy logic controller. The rule base used in the fuzzy logic controller is given in Table IV. 
Embedded system software designed for the STM32F407 Discovery card was developed using the Waijung library in the Matlab Simulink environment. The designed embedded system software is shown in Fig. 6 . The accelerator pedal and steering position data are connected to the DSPs analog-digital input. The speed values of right and left motor are measured by using Halleffect sensors in the motors. In ECS, calculations are made primarily for the Electronic Differential System (EDS). In the EDS, reference speed values are calculated for the right and left motor depending on the accelerator pedal and steering position. Two Fuzzy Logic Control (FLC) blocks at the EDS block output generate a control signal for the right and left motor. In the brake control block, if the EV is braked, the right and left motor control signals are prevented from being transferred to the motor drive and the FLCs are reseted. The left and right motor control signals are, then, applied to the regenerative brake control system. The regenerative brake control system controls the voltage and current limits of the battery and transmits the right and left motor control signals to the motors. The right and left motor phase interrupt blocks are given in Fig. 7 . The direction is determined for the right and left motor separately, where phase switches will be triggered depending on whether the IWEM is in forward-reverse direction and in the motor mode or in the regenerative braking mode. Hall-effect sensor data of IWEM are used to select phase switches. When IWEM is operating in the regenerative braking mode, the microcontroller generates an interrupt signal, when there is any change in the Hall-effect sensors. When the interrupt occurs, it is determined, which switch in the 3-phase motor drive circuit according to the data in Table II .
V. RESULTS AND DISCUSSIONS
The measurement of the experimental data of the designed motor driver circuits was carried out with the Rigol DS1074Z Plus oscilloscope. The drain (D) -source (S) and the gate (G) -source (S) voltages of the upper MOSFET (metal-oxide-semiconductor field-effect transistor) of the IWEM driver, and the current graph of the phase are given in Fig. 8 . As shown in Fig. 8 , when the MOSFET is switched on, the D-S voltage is zero. When the MOSFET is switched off, it is equal to the power supply voltage between the D-S terminals' voltage. Phase voltages of the three phases of the motor are given in Fig. 9 . In these graphs, phase voltages are obtained as trapezoidal. There is a 120-phase phase difference between each phase. Fig. 9 . Phase voltages of the three phases of the motor.
A. Motor Mode Tests with Fuzzy Logic Controller
As a speed reference value to the fuzzy logic controller is 200 rpm, 300 rpm, and 400 rpm, the ramp function is applied. The response of the fuzzy logic controller is analyzed. The response of the system to the reference speed values is given in the graphs of Fig. 10 . In the tests carried out at 200 rpm ramp function reference speed, settling time of the motor speed to the reference speed was 2.045 s, average overshoot rate -0.23 %, and average error of the speed -4.4 %. In the tests carried out at 300 rpm ramp function reference speed, settling time of the motor speed to the reference speed was 2.14 s, average overshoot rate -0.21 %, and average error of the speed -2.85 %. In the tests carried out at 400 rpm ramp function reference speed, settling time of the motor speed to the reference speed was 2.24 s, average overshoot rate -0.17 %, and average error of the speed -2.17 %.
Measurements showed that the fuzzy logic controller controlled the IWEM at the desired reference values. The fault value of the motor speed following the reference speed during deceleration is caused by the inertia of the motor of the EV. 
B. Regenerative Mode Tests
The designed motor drive is tested in a regenerative braking mode at different PWM values on the EV. The data is transferred to the Matlab/Simulink environment in realtime via USB-AMG Converter card. The regenerative braking tests on the EV are made for 10 s, while the IWEM is being run at 400 rpm. When IWEM is switched to 50 % PWM with the regenerative braking mode, battery voltage increases by 5 %. The charging current is measured as 17 A. The rate of deceleration in vehicle speed is 12,5 %. The amount of energy stored in the battery is calculated as 29. 16 Wh. Test results with 50 % PWM switching ratio are given in Fig. 11 . When IWEM is switched to 60 % PWM with the regenerative braking mode, battery voltage increases by 6 %. The charging current is measured as 18 A. The rate of deceleration in vehicle speed is 25 %. The amount of energy stored in the battery is calculated as 35.1 Wh. Test results with 60 % PWM switching ratio are given in Fig. 12 . When IWEM is switched to 70 % PWM with the regenerative braking mode, battery voltage increases by 7,5 %. The charging current is measured as 18 A. The rate of deceleration in vehicle speed was 50 %. The amount of energy stored in the battery is calculated as 44,82 Wh. Test results with 70 % PWM switching ratio are given in Fig. 14. When IWEM is switched to 75 % PWM with the regenerative braking mode, battery voltage increases by 8,5 %. The charging current is measured as 18 A. The rate of deceleration in vehicle speed was 65 %. The amount of energy stored in the battery is calculated as 49,68 Wh. Test results with 75 % PWM switching ratio are given in Fig. 15 . For various PWM values in regenerative braking tests, the rate of increase in the battery voltage, charge current, rate of decrease in vehicle speed, and the amount of energy stored in the battery within 10 s are given in Table V . When the PWM ratio is increased, the charging voltage of the battery and the battery charging current increase also. Therefore, it is seen that the amount of energy stored in the battery increases in 10 s.
When the PWM value is increased, the decrease in vehicle speed also increases. It is seen that the battery charge current is constant after 65 % PWM. This is because the charging current is hardware limited, so that the drive circuit is not damaged by overcurrent. In case of exceeding the specified level, a constant current is ensured. VI. CONCLUSIONS In this study, an embedded system application is implemented for use in an EV. The STM32F407 Discovery development board is used as a microcontroller. IWEM is controlled in both motor mode and regenerative braking mode. A fuzzy logic controller is used to control the speed of the IWEM in the embedded system. IWEM Speed control with the fuzzy logic controller is at 200 rpm, 300 rpm, and 400 rpm. Various regenerative braking tests are performed by applying various PWM values to the IWEM driver. When the motor speed decreases during regenerative braking, the battery charge current decreases also due to the excitation PWM ratio applied to the motor. The speed of the EV decreases more as the PWM ratio is decreased. The PWM ratio can be used in proportion to the brake pedal in EV's. Regenerative braking test data at the EV are used for the first 10 seconds after the regenerative braking is started. The rate of PWM in the regenerative braking tests is 50 %, while the velocity of the EV is 12.5 %. Therefore, lower PWM rates are not used. While the rate of PWM is 75 % in regenerative braking tests, the speed of EV decreases by 65 %. When the EV velocity graph is examined in Fig. 15 , the rate of decrease in the speed of the EV decreases after the start of regenerative braking has dropped below about 200 rpm. This indicates that the motor must operate at a speed of at least 200 rpm and above for the regenerative braking to operate efficiently. However, 75 % PWM ratio to the motor drive in regenerative braking mode is the current remaining online in Fig. 1, and 25 % in the current line. The current passing through the A_high and B_low recovery diodes of the power switches is three times more than the current of the battery. Therefore, the current limit values of the recovery diodes of the power switches on the motor drive have a big role.
There are several simulation studies in the literature on the embedded system and regenerative braking issues, but only few of them are application studies. This study is a low-cost real-time controllable application. The accuracy of the system is proven via the measured curves.
